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We previously established that the expression of the
human nov gene (novH) was altered in Wilms’ tumors
and that levels of novH and WI1 mRNA were in-
versely correlated in individual Wilms’ tumors. Inso-
far as novH has been shown to be a target for WT1
regulation, novH might play an important role during
normal nephrogenesis and in the development of
Wilms’ tumors. We now show that during normal
nephrogenesis novH protein is tightly associated with
differentiation of glomerular podocytes. NovH ex-
pression is not restricted to renal differentiation but
is also detected in endothelium and neural tissue of
the kidney. Our results establish that alteration of
novH expression in sporadic and heritable Wilms’
tumors is associated with dysregulated expression of
both novH mRNA and protein. In general, the highest
novH expression was noted in the Wilms’ tumor,
genitourinary anomalies, aniridia, and mental retar-
dation (WAGR)-associated Wilms’ tumors. Expression
in the Denys-Drash syndrome (DDS)-associated
Wilms’ tumors fell within the variable spectrum ob-
served in sporadic Wilms’ tumor cases. As in develop-
ing kidney podocytes, novH protein was also promi-
nent in the abnormal hypoplastic podocytes from
DDS cases and in kidney podocytes adjoining Wilms’
tumors. In Wilms’ tumors exhibiting heterotypic dif-
ferentiation, novH protein was expressed at high lev-
els in tumor-derived striated muscle and at lower lev-
els in tumor-derived cartilage. These observations
taken together indicate that novH may represent
both a marker of podocytic differentiation in kidney
and a marker of heterotypic mesenchymal differenti-
ation in Wilms’ tumors. In addition, absence or very
low levels of WT1 are correlated with higher novH
expression, and its variable expression in cases with
mutant WT1 (sporadic and DDS) suggests that the

potential activation and repression transcriptional
functions possessed by WT1 are likely dependent on
the specific mutation incurred. (4m J Patbol 1998,
152:1563-1575)

Wilms' tumor is a kidney cancer that affects approxi-
mately 1 in 10,000 children usually between 3 and 6
years of age."™® The majority of Wilms' tumors occur
sporadically (99%) and are unilateral (93%). However,
there are heritable Wilms' tumors (1%), which are diag-
nosed earlier (at 2 to 3 years of age) and are usually
bilateral.” These tumors can occur in association with
several other pathologies, defining the Denys-Drash
(DDS; Wilms’ tumor, male pseudohermaphroditism, and
renal failure), WAGR (Wilms’ tumor, genitourinary anom-
alies, aniridia, and mental retardation), and Beckwith-
Wiedemann (gigantism and visceral hypertrophy) syn-
dromes.

In the classical triphasic Wilms’ tumors, tumor blast-
ema resembles undifferentiated metanephric mesen-
chyme and can also give rise to dysplastic tubules and
pseudoglomeruli in these tumors, reflecting an abnormal
pattern of kidney-specific differentiation. Variants of
Wilms' tumors exhibit different proportions of each of the
blastemal, stromal, and epithelial components ranging
from infrequent to abundant. In a significant proportion of
cases, Wilms’ tumors also display nonrenal heterotypic
differentiated tissues, such as muscle, observed most
frequently, but also cartilage and bone, all resulting from
aberrant mesenchymal differentiation.*

Several genetic alterations, involving loss of heterozy-
gosity of the 11p13, 11p15, 11q, 7p, and 16q chromo-
somal regions, have been associated with Wilms’ tumor
development and progression.>~'®* As the majority of
Wilms’ tumors carry few alterations in these regions, the
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existence of additional WT loci has been postulated.
Despite the considerable amount of information obtained
regarding the biological and biochemical properties of
the WT1 gene, which resides at 11p13 (for reviews see
Refs. 14-16), little is known about other genes that may
be responsible for initiation and/or maintenance of the
Wilms’ tumor state.

To identify such genes we have initiated a study of
avian myeloblastosis-associated virus (MAV1N)-induced
nephroblastomas, which constitute a unique animal
model of Wilms' tumors.’ Analysis of MAV-induced
nephroblastomas led us to the discovery of the nov
(nephroblastoma overexpressed) gene, the expression
of which was increased in all nephroblastomas.’® The
nov gene shared extended nucleotide sequence similar-
ities with two groups of immediate-early genes (ctgf/
fisp12 and cyr61/cef10) encoding positive cell growth
regulators acting cooperatively with growth factors.'8-27
A comparative analysis of the CTGF/FISP12, CYR61/
CEF10, and NOV primary structures established that
these proteins contain 38 conserved cysteine residues
and four structural motifs: 1) an IGFBP module, homolo-
gous to the insulin-like growth factor (IGF)-binding do-
main of previously described IGF-binding protein
(IGFBP), 2) a VWC module likely to be involved in oli-
gomerization and represented in von Willebrand factor,
3) a TSP1 module, represented in thrombospondin, and
thought to be involved in the interaction with extracellular
matrix molecules, and 4) a carboxyl-proximal motif pro-
posed to represent a dimerization domain.'® Although
the functionality of these domains remain to be experi-
mentally established, it is tempting to propose that their
conservation is related to the biological function(s) of
these proteins.

Despite their highly conserved organization, the imme-
diate-early ctgf/fisp12 and cyr61/cef10 genes are sub-
jected to different regulatory signals and encode positive
regulators of cell growth with distinct biochemical prop-
erties. Both CTGF and CYR61 are secreted. They exhibit
mitogenic and chemotactic activities.2%2"2¢ Whereas
CTGF is released in the cell culture medium, the CYR61
protein remains associated with the extracellular matrix
and cell surface.2°2° Recent results have established
that CTGF is a downstream target of transforming growth
factor (TGF)-B signaling pathway.?'

Early experiments established that the overexpression
of nov in normal embryonic fibroblasts was interfering
with their growth in vitro.'® Moreover, the expression of
nov was associated with cell quiescence and was down-
regulated on induction of cell proliferation after serum or
tetradecanoyl phorbol acetate induction and oncogenic
transformation.?® These distinctive features raised the
possibility that nov is a negative regulator of cell growth
and could have an antagonist effect compared with the
CTGF and/or CYR61 stimulatory effects.’”

We have previously established that expression of the
human nov gene (novH) was down-regulated by the WT1
proteins in ex vivo assays, indicating that novH was a
potential target of WT1.2° In addition, we have demon-
strated that expression of the nov gene was also altered

in Wilms’ tumors and that levels of novH and WT1 mRNA
were inversely correlated in these tumors.3° The varia-
tions in the novH mRNA level detected in different tumors
suggested that elevated novH expression may be related
to a particular histological subgroup of Wilms’ tumors.3°
All together, these results lead to the hypothesis that
novH might be involved in nephrogenesis and associated
with development of Wilms’ tumors.

As a first step in establishing the biological function(s)
of nov and its involvement in nephrogenesis, we have
further characterized the novH protein and performed in
situ hybridization and immunohistochemistry on normal
human fetal and adult kidney sections and on different
Wilms' tumors samples representative of sporadic,
WAGR, and DDS cases.

We now provide evidence that, during normal nephro-
genesis, novH protein accumulates in glomerular podo-
cytes and that increased novH protein in Wilms' tumor is
correlated with heterotypic differentiation, in particular,
muscle differentiation. Thus, novH expression may serve
as a marker of Wilms’ tumor heterotypic differentiation.

Materials and Methods

Tissue Samples

Human embryos of 10 to 22 weeks gestational age were
obtained from the Medical Research Council (MRC) Tis-
sue Bank after therapeutic termination of pregnancy by
mechanical aspiration or prostaglandin treatment. Em-
bryonic stage was determined by crown/rump and foot
length together with estimated time of last menstruation.
All embryos were judged to be normal by morphological
criteria. After washing in cold phosphate buffered saline
solution, embryos were fixed in ice cold fresh phosphate-
buffered 4% w/v paraformaldehyde solution within 2 min-
utes of delivery or in 10% neutral buffered formalin ac-
cording to standard protocol for histopathology. In a few
cases, tissues were also fixed in Histochoice tissue fixa-
tive (Amresco, Solo, OH) for comparison.

A series of 12 Wilms’ tumors, including sporadic and
WAGR cases (GOS 543, GOS 157, and BA tumors), as
well as 3 cases of DDS-associated kidneys were ob-
tained from the Department of Pathology at the Hospital
for Sick Children, London, UK; 40 Wilms’ tumors, includ-
ing a case of desmoplastic round-cell tumor from the
Hospital for Sick Children, Toronto, Canada; and 3 cases
of Denys-Drash tumors from Dr. Jaubert, Hopital Necker,
Paris, France. Altogether, the cases studied represented
both pre- and post-chemotherapy resected tumors. A
number of these cases have been previously studied with
respect to WT1 mutations, chromosome 11 loss of het-
erozygosity, and expression and involvement of p53.31:32
A case of Wilms’ tumor showing a prominent area of
nephroblastomatosis, Wilms’ 2007, was kindly provided
by Dr. EI-Naggar, MD Anderson Center, Houston, TX.
Most tumors cases were fixed in formalin, a few in Bouin’s
fixative, and all were paraffin embedded.



Expression Vectors

The 1970-bp novH cDNAZ®® (EMBL accession number
X96584) was subcloned in both sense and antisense
orientations in the pCB6 expression vector3® containing
the cytomegalovirus major immediate-early promoter and
the SV40 polyadenylation signal to generate, respec-
tively, pCMV-novH (S) and pCMV-novH (AS) and in the
baculovirus transfer vector pVL1392 (PharMingen, San
Diego, CA) to generate pVL82 (sense) and pVL84 (anti-
sense) vectors.

Cell Cultures and Transfections

The Madin Darby canine kidney (MDCK) cell line,3*
kindly provided by Dr. Jouanneau, Institut Curie, Paris,
France, was grown in Dulbecco’s modified Eagle’'s me-
dium (DMEM; Gibco/BRL, Gaithersburg, MD) supple-
mented with 10% fetal calf serum.

MDCK cells were stably transfected with pCMV-
novH(S) or pCMV-novH(AS) subclone DNA (6 ug) in the
presence of Lipofectamine (Gibco/BRL). After neomycin
selection, individual clones were picked and expanded.
Total cell proteins were prepared from confluent stably
transfected MDCK cells in RIPA buffer as previously de-
scribed.®s

Spodoptera frugiperda (SF9) insect cells were grown in
TC100 medium (Gibco/BRL) supplemented with 10% fe-
tal calf serum. Recombinant pVL82 and pVL84 viruses
production was achieved using the Baculogold transfec-
tion system (PharMingen). Culture media of transfected
cells were collected after 4 days of culture and used to
infect fresh SF9 cells for virus production. Serum-free
conditioned medium was collected 48 hours after infec-
tion of SF9 cells with pVL82 or pVL84 recombinant vi-
ruses. Lyophilized conditioned medium and infected SF9
cells were, respectively, resuspended and lysed in the
buffer recommended for protein analysis by the manu-
facturer (PharMingen). Protein concentrations were esti-
mated by Lowry method.

Antibody Preparation

A peptide specific to the carboxyl-terminal region of novH
(amino acids 339 to 357, KNNEAFLQELELKTTRGKM)
was coupled to activated keyhole limpet hemocyanin3¢
and used to generate a rabbit polyclonal antibody
(K19M).

Metabolic Cell Labeling and
Immunoprecipitation Analysis

MDCK cells transfected with pCMV-novH(S) (subclone
54.14) or pCMV-novH(AS) (subclone 51.2) were preincu-
bated in a methionine/cysteine-free modified Eagle's me-
dium (MEM; Gibco/BRL) medium supplemented with
0.5% dialyzed calf serum for 60 minutes. Newly synthe-
sized proteins were labeled by adding 100 uCi/ml of a
[3°S]methionine/cysteine mixture (specific activity, 1000
Ci/mmol; Amersham, Arlington Heights, IL). After a 2-hour
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incubation, the cells were lysed in RIPA buffer as previ-
ously described.3®

Labeled conditioned medium was concentrated using
Centricon C30 (Amicon, Beverly, MA). Immunoprecipita-
tion was performed essentially as previously described.
[3°S]-Labeled lysates or concentrated conditioned media
were first precleared for 60 minutes with 20 ul of protein
A-Sepharose slurry (Pharmacia, Uppsala, Sweden; 50%
in RIPA buffer containing 2% bovine serum albumin) and
incubated for an additional 60 minutes at 4°C with K19M
antiserum at a dilution of 1:150 followed by a 60-minute
incubation at 4°C with 30 ul of protein A-Sepharose
slurry.

For pulse-chase experiments, subclone 54.14 cells
were labeled for 45 minutes with 100 uCi/ml of the
[3°S]methionine/cysteine mixture. After the pulse label,
cells were washed twice with PBS and then incubated
with 5 ml of complete medium (DMEM supplemented with
0.5% fetal calf serum). Both cells and medium were har-
vested at 0 and 30 minutes and 1.5, 2.5, 4.5, 6.5, and 18
hours of chase time and processed as described above
for novH analysis by immunoprecipitation.

Western Blot Immunoassay

Protein samples were electrophoresed on a SDS/10%
polyacrylamide gel and electroblotted onto polyvinyli-
dene difluoride filters (Immobilon P, Millipore, Bedford,
MA). Blots were incubated with anti-novH polyclonal se-
rum K19M at a dilution of 1:500 for 1 hour at 37°C.
Immunocomplexes were visualized using enhanced
chemiluminescence as described by the manufacturers
(Dupont NEN, Boston, MA, and Boehringer Mannheim,
Indianapolis, IN).32

Heparin-Binding Assays

Confluent MDCK transfected cells were cultured for 24
hours in serum-free medium. Both cell extracts or condi-
tioned media were collected and incubated overnight at
4°C with 200 pl of a 50% slurry of heparin-Sepharose
beads (Pharmacia). After washing with 5 ml of PBS, pro-
teins were eluted with PBS containing 0.4 mol/L NaCl.
The presence of novH protein was analyzed by Western
blotting.

In Situ Hybridization

For in situ hybridization, the pBX1.5 plasmid containing
the 1.5-kb Bglll-Xhol novH genomic fragment®® was di-
gested by Xbal or Xhol. The 3.5-kb Xbal (antisense) or
4.4-kb Xhol (sense) digestion fragments were gel frac-
tionated and eluted. The 3’ untranslated novH sequences
were transcribed from the T7 (antisense) or T3 (sense)
promoters in the presence of 0.35 mmol/L digoxigenin-
11-UTP (Boehringer Mannheim) to generate a 620-nucle-
otide antisense digoxigenin novH riboprobe (Xb3.5) or a
1500-nucleotide sense digoxigenin riboprobe. Labeled
RNAs were separated from unincorporated nucleotide
triphosphates by precipitation with 0.4 mol/L LiCl in eth-



1566 Chevalier et al
AJP June 1998, Vol. 152, No. 6

anol and quantified by spot tests using chemilumines-
cence detection. The full-length sense riboprobe was
further reduced into smaller fragments by alkaline hydro-
lysis as previously described.®” In situ hybridizations
were performed on 5-um, formalin-fixed, paraffin-embed-
ded sections as previously described,®®° using digoxi-
genin-labeled novH riboprobe Xb3.5 diluted to a final
concentration of 0.8 ug/ml in hybridization buffer. Nega-
tive controls were performed using sense riboprobe.

Immunohistochemistry

Immunohistochemistry experiments were performed on
5-um, formalin-fixed, paraffin-embedded sections, es-
sentially as previously described, using the K19M anti-
body at 1:250.%8 The peroxidase enzyme reaction was
developed for 5 to 20 minutes in diaminobenzidine solu-
tion (Research Genetics, Huntsville, AL), and sections
were counterstained with hematoxylin-ammonia bluing
and mounted with Permount after dehydration step. Con-
trols consisted of incubation leaving out the primary an-
tibody or preincubation of the K19M antibody with 10
rg/ml specific peptide. In both controls, no specific stain-
ing was observed.

Results
NovH Is a Secreted Protein

Baculovirus-infected SF9 cells were used to characterize
the novH protein by Western blotting. A 44-kd novH pro-
tein was detected by K19M antibody in conditioned me-
dium whereas two novH isoforms of 45 and 43 kd were
detected in cellular extracts from pVL82-infected cells
(Figure 1A, lanes 1 and 2). Competition with the specific
19-amino-acid peptide used to generate the K19M anti-
body completely abolished the novH protein recognition,
and the K19M antibody did not detect novH protein in
control SF9 cells infected with pVL84 recombinant bac-
ulovirus (Figure 1A, lanes 3-8). These results indicated
that the K19M antibody specifically recognized the novH
protein and demonstrated that the novH protein was se-
creted by pVL82-infected SF9 cells.

Although endogenous nov mRNA was detected in non-
transfected MDCK cells (data not shown), the K19M an-
tibody did not recognize dog nov protein by Western
blotting in these cells, likely due to sequence differences
in the carboxyl-terminal end. MDCK cells were therefore
stably transfected with pCMV-novH(S) to establish
whether the novH protein could also be secreted by
mammalian cells. Both transfected cell extracts and con-
ditioned medium contained high levels of a 48-kd novH
protein as revealed by immunoprecipitation and Western
blotting (Figure 1, B and C). Cellular extracts contained
an additional 44-kd novH protein isoform not found in the
culture medium (Figure 1B, lane 2). As in nontransfected
cells, the K19M antibody did not detect novH protein
in control pCMV-novH(AS)-transfected MDCK cells
(Figure 1B).
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Figure 1. Secretion of novH protein in insect and mammalian cells. A:
Secretion of novH protein by baculovirus-infected SF9 cells. SF9 cells were
infected with pVL82 (novS) (lanes 1, 2, 5, and 6) or pVL84 (novAS) (lanes
3, 4, 7, and 8) baculoviral vectors as described in Materials and Methods.
Culture media (lanes 1, 3, 5, and 7) or cell extracts (20 ug of proteins) (lanes
2, 4, 6, and 8) were analyzed by Western blotting using the K19M antibody
at a dilution of 1:500 (lanes 1 to 4). Controls were performed by preincu-
bating the K19M antibody with 10 pg/ml of the 19-amino-acid novH-specific
peptide (K19M peptide; lanes 5 to 8). Arrows indicate the position of novH
proteins. Molecular weight of size markers is indicated in kilodaltons. B:
Secretion of novH protein by MDCK-transfected cells. MDCK cells were
transfected by either pCMV-novH(AS) or pCMV-novH(S) DNA as described
in Materials and Methods. Individual clones selected with neomycin were
screened for novH expression by Western blotting analysis with the K19M
antibody. A positive clone (54.14; lanes 2 and 4) and negative clone (51.2;
lanes 1 and 3) were selected for further analysis. Left panel: [>*S]Methionine-
cysteine-labeled cell extracts (5 X 10 cpm as determined by TCA precipi-
tation; lanes 1 and 2) or conditioned medium (lanes 3 and 4) were immu-
noprecipitated with the K19M antibody diluted at 1:150. Right panel: Cell
extracts (70 pg of proteins, representing 1/20 of cells from a 6-cm dish; lanes
1 and 2) or conditioned medium (20 ul, representing 1/200 of medium from
the same 6-cm dish; lanes 3 and 4) were analyzed by Western blotting using
the K19M antibody diluted at 1:500. C: Determination of the half-life of the
novH protein. Cell extracts (C) or conditioned medium (M) from MDCK
subclone 54.14 cells, pulse-labeled as described in Materials and Methods,
were immunoprecipitated with the K19M antibody at a dilution of 1:200 after
0, 0.5, 1.5, 2.5, 4.5, 6.5, and 18 hours of chase time.

Comparison of intra- and extracellular protein amounts
after 48 hours of culture also indicated that approximately
80% of novH produced by these cells was found in the
medium, suggesting that the extracellular novH protein
was stable (Figure 1B).

To determine the kinetics of novH protein synthesis
and secretion, confluent pCMV-novH(S)-transfected
MDCK cells were pulse-labeled as described in Materials



and Methods and further incubated in unlabeled medium
for various durations. At each of the time points in the
chase experiment, both cell extracts and medium were
harvested and immunoprecipitated with the K19M anti-
body. As shown in Figure 1C, before chase, the majority
of the novH protein resided intracellularly and was of the
44-kd form. Newly synthesized novH protein increased in
molecular weight after 30 minutes of chase and was first
detectable in the extracellular medium after 1.5 hours of
chase, indicating that the novH protein was rapidly syn-
thesized and secreted. Analysis of the amount of novH
protein using a Phosphoimager (Molecular Dynamics,
Sunnyvale, CA) revealed that the apparent half-life of
intracellular novH was approximately 1.5 hours, whereas
novH has a half-life of greater than 18 hours in the me-
dium. These observations indicated that the extracellular
pool of novH protein was more stable than the intracel-
lular pool. This result was consistent with the immunoblot-
ting experiments showing that novH protein accumulated
in the extracellular medium (Figure 1B). Furthermore, the
apparent increase in molecular weight also suggested
progressive post-translational modification of novH pro-
tein with an increase of ~4 kd.

Subcellular localization of novH protein in pCMV-
novH(S)-transfected MDCK cells was determined by im-
munofluorescence (data not shown). Incubation of live
cells with the K19M antibody resulted in labeling at the
level of intercellular boundaries, whereas permeabiliza-
tion of cells with Triton X-100 showed localization of novH
both in cytoplasm and at the membrane level. These
results were in agreement with our in vitro results, indicat-
ing that novH protein was present both intracellularly and
extracellularly.

NovH Is a Glycosylated Protein

As the predicted molecular weight of novH protein was
39 kd, detection of 44- and 48-kd novH proteins sug-
gested that both intra- and extracellular forms undergo
post-translational modifications. Inasmuch as two puta-
tive N-glycosylation sites were present at position 97
(NQTG) and 280 (NCTS) in the novH polypeptide se-
quence, experiments were designed to study whether
tunicamycin could interfere with novH protein post-trans-
lational modifications. Addition of tunicamycin (1 ug/ml)
to the culture medium of pCMV-novH(S)-transfected cells
resulted in the detection of an intracellular 39-kd novH
protein (Figure 2A, lane 2), suggesting that the 44- and
48-kd novH isoforms resulted from differential post-trans-
lational glycosylations, and in the detection of extracellu-
lar novH protein(s) with slightly different molecular
weight(s) than that of the intracellular 39-kd novH protein.
As this extracellular protein migrated as a smear (Figure
2A, lane 5), it suggested that it was subject to degrada-
tion. The K19M antibody did not detect any intra- or
extracellular protein in pCMV-novH(AS)-transfected cells
(Figure 2A), either in the presence (lanes 4 and 8) or
absence (lanes 3 and 7) of tunicamycin.

To our knowledge, no other protein of the nov family
(CYR61, CEF10, and FISP12) but CTGF*° has been re-
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Figure 2. The novH protein is glycosylated and binds to heparin. A: MDCK
subclone 54.14 (lanes 1, 2, 5, and 6) and subclone 51.2 (lanes 3, 4, 7, and
8) cells were preincubated during 18 hours in the absence or in the presence
of the N-glycosylation inhibitor tunicamycin (1 pg/ml) and further labeled for
2 hours as described in Materials and Methods in the absence (lanes 1, 3, 5,
and 7) or in the presence (lanes 2, 4, 6, and 8) of the inhibitor. [35S]Methi-
onine-cysteine-labeled cell extracts (5 X 10% cpm as determined by TCA
precipitation; lanes 1 to 4) or conditioned medium (lanes 5 to 8) were
immunoprecipitated with the K19M antibody at a dilution of 1:150. Arrows
indicate the position of novH protein. Molecular weight of size markers is
indicated in kilodaltons. B: Total proteins contained either in cell extracts
(lanes 1 to 4) or conditioned medium (lanes 5 to 8) from MDCK subclones
54.14 (lanes 1, 2, 5, and 6) and 51.2 (lanes 3, 4, 7, and 8) were incubated
with heparin-Sepharose beads, and elution was achieved at 0.55 mol/L NaCl.
Analysis of wash (W) and elution (E) fractions was performed by Western
blotting using the K19M antibody.
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ported to be glycosylated. It is also interesting to point out
that novH protein bound to heparin columns under con-
ditions previously used to partially purify CYR612° (Figure
2B). However, novH was eluted at a salt molarity (0.55
mol/L) somewhat different from that used to elute CYR61
(Figure 2B). Thus, these observations are suggestive of
novH-specific biochemical properties.

novH Is Differentially Expressed in Human
Fetal Kidney

The evidence that novH mRNA expression was detect-
able by RNase protection on human fetal kidney (data not
shown), novH protein was secreted by kidney cells in
culture, and altered expression was found in kidney-
derived Wilms' tumors led us to use in situ hybridization
and immunohistochemistry to examine novH expression
in human fetal kidney. Twenty-week-old human fetal kid-
ney was chosen because at this developmental stage
well developed nephrons are present in the inner cortical
region, whereas the outer cortical region still contains all
stages of epithelial differentiation of the metanephrogenic
mesenchyme.
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Figure 3. Expression of novH in human fetal kidney and in Wilms’ tumors. |: Western blotting analysis (80 ug of protein samples) of novH protein expression
in a 19-week fetal kidney (lanes 2) and in three variants of Wilms’ tumors (lanes 3, Wit-148, blastematous; lanes 4, Wit-141, heterotypic; lanes 5 , Wit-146,
triphasic). Lanes 1, culture media from pVL-82-infected SF9 cells. Left panel: K19M antibody at 1:500. Right panel: Control performed by preincubating the K19M
antibody with 10 ug/ml of the specific K19M peptide. Arrow indicates the position of the 44-kd novH protein. Molecular weight of size markers is indicated in
kilodaltons. The asterisk indicates the position of HSA protein, as determined with a monoclonal anti-HSA antibody (Sigma, clone HSA-11; data not shown). Il
In situ hybridization using a digoxigenin-labeled antisense novH riboprobe shows novH mRNA expression in developing epithelial structures of fetal kidney (A),
in blastema of sporadic Wilms’ tumors (C, Wit-149 tumor; E, 2007 tumor), and in Denys-Drash (F) and WAGR (H, GOS157 tumor) cases. Inset in C shows the
corresponding area from an adjacent section hybridized with the sense novH riboprobe. Note elevated novH mRNA expression in tumor nodule (E, tn) but not
in the adjacent nephroblastomatosis region (E, nb). B D, G, and I: Immunohistochemistry study of novH protein expression using the K19M antibody. Note
labeling of developing epithelial structures and podocytes of glomeruli of fetal kidney (B) and of blastema and pseudoglomeruli of sporadic (D, Wit-149 tumor),
Denys-Drash (G), and WAGR (I, GOS157 tumor) Wilms’ tumors. A and B: ¢, renal capsule; ct, collecting tubule; g, glomeruli; mm, metanephric mesenchyme; pct,
proximal convoluted tubule; s, S-shaped body; v, epithelial vesicles. The arrow in B indicates presumptive podocytes of S-shaped body; arrowheads indicate
podocytes of glomeruli. C to I: b, blastema; nb, nephroblastomatosis area; pg, pseudoglomeruli; s, stroma; tn, tumor nodule; v, vessel. Magnification X90 (all

except A, B, and E), X112.5 (A and B) X14.4 (E).

Hybridization of sections with the digoxigenin-labeled
Xb3.5 antisense riboprobe detected appreciable novH
mRNA in early epithelial vesicles, immature tubules, and
S-shaped bodies (Figure 3A). Differentiated thin and as-
cending portions of loops of Henle (not present in this
section) and collecting ducts were also positive. In con-
trast, novH mRNA was undetectable or minimal in undif-
ferentiated mesenchymal cells, in stroma cells, in fully
differentiated proximal convoluted tubules, and in well
differentiated glomeruli (Figure 3A).

Moderate to high levels of novH protein were detected
with the K19M antibody in metanephric mesenchyme,
early epithelial vesicles, immature tubules, S-shaped
bodies, podocytes of glomeruli, thin and ascending loops
of Henle, and collecting ducts (Figure 3B and data not
shown). Western blotting analysis showed varying levels
of a 44-kd novH protein and a 30-kd novH-related
polypeptide (Figure 3l). In addition to the novH-related
proteins (44 and 30 kd), the K19M antibody cross-re-
acted with human serum albumin in Western blotting
(Figure 3l, asterisk). Immunohistochemistry experiments
using anti-HSA antibody on fetal kidney and Wilms’ tumor
sections showed no overlapping between novH and HSA
sites of expression (data not shown). In differentiating
structures, the level of novH mRNA detection was in-
versely correlated to the epithelial differentiation state,
whereas the level of novH protein detected by K19M was
found to increase with differentiation (Figure 3B). An iden-
tical pattern of novH mRNA and protein expression was
observed in 10- to 22-week-old fetal kidney sections
(data not shown), therefore indicating that the sites of

novH expression were not restricted to a particular de-
velopmental stage of the kidney within the 10- to 22-week
fetal development period. In mature kidneys, the pattern
of novH expression is maintained in glomeruli and col-
lecting ducts (not shown). This likely indicates that regu-
lation of novH expression is established early in develop-
ment of the kidney.

novH Expression in Wilms’ Tumors

Northern blotting experiments previously established that
novH expression was altered in Wilms’ tumors.®° To de-
termine whether sites of novH mRNA expression and
protein localization were different from those of normal
fetal kidney, in situ hybridization, immunohistochemistry,
and Western blot experiments were performed on a se-
ries of Wilms’ tumors representing the spectrum of clini-
cal presentations and associations.

As we had reported that novH promoter activity was
down-regulated ex vivo by WT1 proteins, analyses for
novH expression were performed on both blastematous
and triphasic tumors with no reported alteration of the
WT1 gene and in tumors bearing mutated forms of the
WT1 gene. WiT-26 tumor contains a point mutation (de-
letion) in exon 10, leading to disruption of the normal
open reading frame and resulting in a longer WT1 protein
with an altered fourth zinc finger domain*' whereas three
WAGR syndrome-associated Wilms’ tumors contain ho-
mozygous deletions of the WT1 gene. The GOS 543
tumor contained a 10-bp insertion into exon 7, resulting in
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the generation of a stop codon and then production of a
truncated protein lacking all four zinc finger domains of
the WT1 protein.*? The GOS 157 tumor contained a point
mutation within exon 8 of the WT1 gene, also resulting in
the generation of a stop codon and leading to a truncated
protein missing the last three zinc finger domains.*? The
BA tumor contained a deletion in exon 10 (J. Cowell and
P. Schofield, personal communication).

In contrast to normal blastema of fetal kidney, novH
mRNA was generally expressed at moderate to high
levels in the blastema of most of the Wilms' tumors. An
example of the cellular expression pattern is seen in
Figure 3C. Varying levels of novH mRNA were observed
both in sporadic Wilms’ tumors, including WT1-express-
ing blastematous and triphasic forms, and in Wilms' tu-
mors such as WiT-26 with a defined WT1 mutation (Figure
3C and data not shown). Hybridization with a control
sense novH riboprobe revealed no staining (Figure 3C,
inset). In a case of Wilms' tumor (Wilms’ 2007) adjacent to
a prominent area of nephroblastomatosis, novH mRNA
was not detected in hyperplastic blastemal cells of
nephroblastomatosis kidney but was highly expressed in
blastema of the tumor nodule (Figure 3E). These results
indicated that novH expression was not only deregulated
in Wilms’ tumors but was also likely dependent on acqui-
sition of the tumorigenic state.

In a series of DDS-associated Wilms’ tumors, where
WT1 has been usually shown to exist in a dominant-
negative mutant form*® (Figure 3, F and G, and data not
shown), and in the WAGR-associated tumors (Figure 3, H
and |, and data not shown), expression of novH mRNA
and protein were overall high but not proportional.

Although elevated novH mRNA expression was de-
tected in blastema of all tumors, a low level of novH
protein was detected in the undifferentiated blastemal
cells of some of the WT1-positive blastematous (Figure
3D) and triphasic tumors (not shown). This appeared to
indicate that novH protein was not accumulated in these
cells, possibly due to rapid degradation or to transport of
novH to other sites. However, higher amounts of novH
protein were detected in blastema of the Denys-Drash
and WAGR-associated tumors (Figure 3, G and |), sug-
gesting that in these tumors the mechanisms of either
degradation or secretion of novH protein were likely to be
different from those of tumors expressing unaltered WT1.
Western blot analysis confirmed varying levels of expres-
sion of a 44-kd novH protein and a 30-kd novH-related
polypeptide in three different types of Wilms’ tumors (Fig-
ure 3l). The heterotypic Wit-141 Wilms’ tumor contained
more novH than homotypic tumors.

In all tumors, aberrant differentiation leading to the
formation of dysplastic tubules and pseudoglomeruloids
did not appear to interfere with either novH mRNA ex-
pression or novH protein localization (Figure 4, A and B,
and data not shown). This was nicely demonstrated on a
variant case of pseudoglomeruloid Wilms' tumor (Wit-75)
where comparison of immunostaining for novH and an
endothelial marker, QBEnd10 monoclonal antibody,
which recognizes CD34 antigen specifically on vascular
endothelium, demonstrated that novH protein was mainly
localized in pseudoglomeruloids in association with

podocytes rather than with capillary endothelium (Figure
4C). This podocytic specificity was similar to that ob-
served in normal glomeruli (Figure 3B), pseudoglomeruli
within nephrogenic rests (Figure 4F), glomeruli from DDS
cases, where glomerular sclerosis is present (Figure 4G),
and in glomeruloid areas of nephroblastomatosis (not
shown). Thus, intrinsically high expression of novH
protein is associated with developing and maturing
podocytes.

For the most part, the sites of novH mRNA and protein
expression in the normal kidney adjacent to the tumors
were identical to those observed in fetal kidney (compare
Figure 1B and 4F).

novH Expression in Other Tissues and
Relationship with Heterotypic
Differentiation in Tumors

Previous analysis by in situ hybridization and immunohis-
tochemistry revealed that expression of chicken, mouse,
and human nov genes was not restricted to kidney but
was also detected in nervous system, muscle, cartilage,
and bone'® (Kocialkowski S, Chevalier G, Martinerie C,
Kingdom J, Yeger H, Perbal B, Schofield PN, submitted,
and our unpublished results).

As shown in Figure 5, A-D, novH expression in normal
kidney was also detected in other differentiated cell
types, such as neurons and both endothelium and sur-
rounding smooth muscle of blood vessels. However,
whereas both novH mRNA and protein were detected in
endothelium and in neuron soma, only the protein was
detected in neuronal processes, indicating that novH
protein was synthesized in neuron cell bodies and trans-
ported along axonal processes. Similarly, elevated novH
protein expression was detected in heterotypic differen-
tiated tissues, which were characteristic of a significant
number of Wilms’ tumors. For example, a moderate to
high level of novH protein was detected in foci of hetero-
typic cartilage (data not shown) and muscle differentiation.

An important observation was that high novH protein
expression was not only found in cells with morphological
features of striated muscle but could also be demon-
strated in blastema with the phenotype of muscle by
comparison of immunostaining of novH and desmin, a
late muscle differentiation marker.

A barely detectable level of novH mRNA but a high
level of novH protein was associated with desmin expres-
sion, both in highly differentiated muscle cells within the
stroma (Figure 5, | and J, and data not shown) and in the
blastemal component with a more mesenchymatous
spindle cell morphology (Figure 5, G and H), indicated
that novH expression coincided with heterotypic striated
muscle differentiation. Moreover, in one case of a des-
moplastic small round tumor, a tumor related to Wilms’
tumor by virtue of the involvement of WT1,444¢ novH
protein immunostaining in blastemal cells extended to a
larger population compared with desmin immunostaining
(Figure 5, E and F), suggesting that novH protein might
be an earlier marker than desmin for muscle differentiation.
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Figure 4. Expression of novH mRNA and protein in epithelial component of Wilms’ tumors (A to E), nephrogenic rest (F), and Denys-Drash kidney (G. A: In
situ hybridization using a digoxigenin-labeled antisense novH riboprobe. B, D, F, and G: Immunohistochemistry performed with the K19M antibody. E:
Immunohistochemistry performed with the K19M antibody preincubated with the K19M-specific peptide. C: Immunohistochemistry performed with the QBEnd10
antibody, a specific marker of vascular endothelium. A to C: Sections from the pseudoglomeruloid tumor (Wit-75). Note very low level of novH mRNA but high
level of novH protein in pseudoglomeruli (pg). Labeling of vascular endothelium of pseudoglomeruli with the QBEnd10 antibody (C) indicated that the novH
protein was preferentially associated with pseudoglomerular podocytes. D: Section from the Wit-137 tumor showing novH protein in podocytes of pseudoglo-
meruli (arrow). E: Adjacent section showing the absence of labeling after peptide competition. F: High levels of novH protein are also detected in
pseudoglomeruli of nephrogenic rest (nr) and in well differentiated glomeruli of normal adjacent adult kidney (nk). G: Localization of novH protein in podocytes
of sclerotic glomeruli from Denys-Drash kidney (arrows). Magnification X90 (all except F) and X36 (F).
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In conclusion, novH mRNA and protein expression
patterns showed an overlap but not a direct correlation.
The overall higher expression of novH mRNA in Wilms’
tumors, specifically in the blastema, was noted, and ac-
cumulation of novH protein in blastema appeared to cor-
relate with co-expression of desmin, a muscle marker.
The prevalence of desmin expression without other phe-
notypic evidence of striated muscle differentiation was
also noted. Finally, two distinct patterns of tissue expres-
sion were observed: one, as in podocytes and striated
muscle, with low to undetectable novH mRNA but high
novH protein, and two, as in tubular epithelium, endothe-
lium, and neurons, with nearly comparable levels of novH
mRNA and protein. These patterns likely reflect the po-
tentially different functional states of novH.

Discussion

Expression of novH in Developing Kidney and in
Wilms’ Tumors

In situ hybridization and immunohistochemistry experi-
ments performed on normal human embryonic kidney
sections established a good correlation between novH
RNA and protein in renal tubules. However, particularly
high amounts of novH protein were observed in mature
glomerular podocytes in which novH mRNA was barely
detectable. These results suggest that the novH protein is
stably accumulated in glomerular podocytes undergoing
differentiation and that accumulation of novH in these
cells that persists after birth likely reflects an important
feature of nov biological function(s). The large quantities
of novH detected in pseudoglomeruli of both nephro-
genic rests and Wilms’ tumors, and in hypertrophic podo-
cytes of DDS kidneys, favor novH being required for
maintenance of podocyte structure and/or for specific
podocytic functions.

Our in situ hybridization experiments established that,
in the nephrogenic zone where WT1 is highly expressed,
novH expression was opposite to that of WT1.4748 |n
addition, novH was also expressed in the ascending
portion of the loop of Henle and collecting duct. The
apparent lack or barely detectable level of novH mRNA in
blastemal cells, which might result from an efficient
down-regulation of novH expression by high levels of
WT1 in these cells, is in agreement with WT1 acting
upstream to novH expression during normal nephrogen-
esis.?? In all variants of Wilms’ tumors that we have stud-
ied, the tumor blastema expressed high but variable
levels of novH mRNA. It is worth noting that different
histological types of Wilms’ tumors also express WT1
protein in this cell compartment (our unpublished re-
sults).*”® Inasmuch as no clear-cut relationship could
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be drawn between the levels of WT1 protein and novH
expression, it is possible that the variations of novH ex-
pression resulted, at least in part, from individual differ-
ences in the ratios of WT1 isoforms. Inefficient post-
translational modifications, such as phosphorylations,*®
or a lack of appropriate interactions with other transcrip-
tional regulators, such as p53, par-4,°°%2 and as yet
unidentified proteins,®® could alter WT1 transcriptional
activity. Because the zinc finger motif of WT1 has been
shown to be involved in interactions with other proteins,
such as p53°" or par-4,52 the different levels of novH
expression observed in the sporadic and DDS tumors
that we have analyzed might be related to the nature of
the WT1 mutations within the zinc finger domain.

Desmoplastic round-cell tumors have been analyzed
for WT1 mutations and found to harbor translocations of
WT1, specifically with the EWS gene on chromosome
22.%47%% The translocation generates an oncogenic fu-
sion protein with the DNA-binding recognition domain of
WT1 fused to the transcriptional regulatory domains of
EWS. We showed that novH expression was highly ex-
pressed in our case of desmoplastic round-cell tumor
and that, significantly, there was a comparable high level
of desmin expression, also noted by Brodie et al,*® indic-
ative of muscle commitment as found in other Wilms’
tumors. These observations raise the possibility that al-
tered function of WT1 may be sufficient to permit hetero-
typic muscle differentiation and coordinately the elevated
expression of novH.

Potential Roles for novH: Secreted versus
Intracellular Forms

Our data showed that the half-life of the intra- and extra-
cellular novH proteins differed. The increased stability of
secreted novH protein could result from interactions with
other extracellular proteins. The affinity of novH for hep-
arin suggested that it might be stabilized by an interac-
tion with heparan sulfate proteoglycans as previously
described for basic fibroblast growth factor.5* Proteogly-
cans have been shown to play a crucial role in the mor-
phogenesis of several organs, such as kidney.5® We also
report here that novH is glycosylated. It is well estab-
lished that glycosylations are involved in a multitude of
biological processes, such as protein folding, stability,
targeting, and clearance as well as cell-matrix and cell-
cell interactions.®® It is therefore conceivable that the
level of novH protein detected in different normal or tumor
tissues can be modulated by glycosylations and/or inter-
actions with other proteins and that inefficient post-trans-
lational processing of nov or lack of interactions with
other cognate proteins in the blastemal cells of Wilms'

Figure 5. Expression of novH in nonrenal tissues and in heterotypic tissues of Wilms’ tumors. Expression of novH mRNA and protein in sections through
20-week-old fetal kidney (A and B) and normal adult kidney (C and D). A and C: In situ hybridization using a digoxigenin-labeled antisense novH riboprobe.
B and D: Immunohistochemistry performed with the K19M antibody. Note expression of both mRNA and protein in endothelium of vessels (v) and in the soma
of neurons (Ne). The novH protein is present in addition in neuronal processes (D, arrowheads). n, nerve; Ne, neuron; v, vessel. E to J: novH protein (E, G,
and 1) and desmin (F, H, and J; Dako, clone D33) immunohistochemistry in a case of desmoplastic small round tumor (E and F) and Wilms’ tumors (G to J).
Note elevated co-expression of novH and desmin both in highly differentiated heterotypic muscle (Mu) and in more mesenchymatous blastema (spindle cells,
see arrows in G and H). However, in blastema of the desmoplastic tumor, expression of novH protein was detected in all blastemal components, whereas desmin
expression was restricted to a zone closest to the intervening stroma (E and F). b, blastema; s, stroma. Magnification, X90.
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tumors might account for the very low level of novH
protein detected in some of the tumors.

novH Is Part of a Larger Family of Genes
Modulating Growth

We had previously established® that nov is structurally
related to immediate-early proteins (CEF10/CYR61 and
FISP12/CTGF) reported to stimulate cell proliferation in
synergy with growth factors such as TGF-B and basic
fibroblast growth factor.2'2® However, several lines of
evidence have suggested that nov is involved in negative
control of cell growth: 1) the expression of nov was shown
to be down-regulated by both oncogenic transformation
and serum stimulation whereas it was up-regulated in
normal quiescent cells,?® 2) the expression of a truncated
nov was associated with fibroblastic transformation ex
vivo, and 3) the overexpression of a normal nov led to
inhibition of chicken embryo fibroblast growth. It is then
tempting to speculate that nov is part of a signaling
pathway controlling the establishment and (or) the main-
tenance of differentiation in various tissues during normal
embryogenesis.

The presence of an IGFBP-like domain at the amino
terminus of nov raises the possibility that nov is interact-
ing with IGF signaling. Elevated levels of IGF-Il have been
detected in Wilms' tumors,5”~°° and both expression of
IGF-IR and binding of IGF to IGF-IR have been shown to
be enhanced in these tumors.f®€' Also, an increased
level of IGF-IR mRNA has been correlated with tumors
with heterotypic differentiations.®? It has recently been
shown that the CTGF protein binds IGF-I and IGF-1I with
low affinities.“® Although the recombinant novH protein
secreted by baculovirus-infected SF9 cells or by the
pCMV-novH(S)-transfected MDCK cells did not bind
IGF-| and IGF-Il in our ligand-binding assays, we cannot
exclude the possibility that IGF binding occurs in vivo.
Alternatively, this domain might be of relevance for a
nov-specific biological function independent of IGF. Lack
or alteration of the nov-related negative signaling could
be among the inappropriate epigenic signals responsible
for abnormal growth and differentiation of embryonic
metanephric mesenchymal-derived blastema in Wilms'
tumors.

Although the potential of novH for binding and trans-
portation of growth factors remains to be established, if
confirmed, it would make novH an important protein for
modulating local and distant cellular growth and differ-
entiation functions.
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